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ABSTRACT 
Wind tunnel pressure s igna tures  a r e  presented f o r  10 Mach numbers 
over a range from 3.01 t o  7.29 f o r  a .00053-scale model of t h e  Saturn V- 
Apollo launch venic le  complete with escape tower and s o l i d  body simulated 
exhaust plumes f o r  each Mach number. The e f f e c t  of simulated plume 
length on the  wind runnel pressure s ignature was inves t iga ted  a t  Mach 4.01. 
An ana lys i s  of t he  e r ro r  incurred by extrapolat ing pressure s igna tures  
having s t rong shock waves by weak shock procedures is presented. 
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SUMMARY 
Wind tunnel pressure s igna tures  a r e  presented f o r  10 Mach numbers 
over a range from 3.01 t o  7.29 f o r  a .00053-scale model of t h e  Saturn V- 
Apollo launch vehic le  complete with escape tower and s o l i d  body simulated 
exhaust plumes f o r  each Mach number. Two s l m l a t e d  plumes with lengths 
of 1-1/2 and 2-112 body lengths were inves t tga ted  a t  Mach 4.01 t o  
determine the  e f f e c t  of plume lengtn on the  measured pressure s ignature.  
The r e s u l t s  of t he  inves t iga t ion  showed that f o r  plume lengths g rea t e r  
than 1-112 body lengths t he  e f f e c t  on s igna ture  length was l a r g e  whereas 
the  e f f e c t  on the  amplitude and pos i t i ve  a r ea  of t h e  s igna ture  was 
negl igible .  Hence, t h e  predicted peak overpressure a t  ground l e v e l  should 
be r e l i a b i e  i f  t he  plume contour is accurate .  Pressure s igna tures  were 
measured a t  two d i f f e r e n t  d i s tances  from the  model a x i s  a t  Mach 4.0; 
t o  evaluate  a technique f o r  t he  ex t repola t ion  of s t rong shock waves. 
NOTAT ION 
d is tance  from model a x i s  t o  overpressure probe, meters 
model length, meters 
simulated plume length,  meters 
Mach number 
reference pressure,  ~ / m  2 
t o t a l  pressure,  cm Hg 
angle of a t t ack ,  degrees 
sonic boom overpressure,  N/m 2 
dis tance  along absc issa  of p e e s u r e  eignoture,  meters 
INTRODUCTION 
An inves t iga t ion  is underway t o  evaluete  m d  improve the  methods 
f o r  estimating the  sonic boom overpressures generated by a i r c r a f t  with 
l a rge  exhaust d u n e s  maneuvering a t  hypersonic Mach numbers. The method 
cu r r en t ly  employed c o n s i s t s  of t e s t i n g  a small  s c a l e  model of t he  pro- 
posed a i r c r a f t  with a s o l i d  body s imulat ion of the exhaust plume. The 
pressure s i g n a u r e s  obtained from the  t e s t s  a r e  extrapolated t o  f l i g h t  
d i s tances  by t h e  method of re fe rence  1 t o  est imate  t he  ground overpressures  
f o r  t he  fu l l - s ca l e  a i r c r a f t .  
The f i r s t  phase of t h e  evaluat ion consis ted of a study of t h e  over- 
pressures  created by a veh ic l e  without exhaust plumes i n  f l i g h t  a t  super- 
sonic and hypersonic Mach numbers. The test vehic les  used f o r  t h i s  
phase were t he  Apollo 15 and :6 command modules. Sonic boom overpressares  
generated by t h e  spacecraf t  during r een t ry  i n t o  t h e  Ear th ' s  atmospLere 
were recorded by pressure sensors  placed on board sh ips  s t a t i oned  along 
t h e  groundtrack. These groundtrack overpressures  have been compared 
with extrapolated wind tunnel  da t a  over a Mach number range from 1.16 t o  
9.71 (references 2 and 3).  The agreement between ex t rapola ted  wind 
tunnel  da t a  and f l i g h t  da ta  was p o d  a t  a l l  Mach numbers thus va l ida t ing  
t h e  ex t rapola t ion  procedure f o r  veh i c l e s  without exhaust plumes maneuvering 
a t  supersonic and hypersonic Mach numbers. 
The second phase of t he  evaluat ion consis ted of c o r r e l a t i o n  s t u d i e s  
f o r  veh i c l e s  with exhaust plume e f f e c t s .  The t e s t  veh i c l e s  used f o r  
t h i s  phase were t h e  Saturn V-Apollo 16  and 17 launch configurat ions.  
Groundtrack overpressures  recorded during ascent  of t h e  Saturn V-Apollo . 
16 launch veh ic l e  were compared with extrapolated wind tunnel  pressure 
s igna tures  measured during t e s t i n g  of a .00337-scale model with s o l i d  
body simulated plumes (reference 4 ) .  In genera l ,  t he  extrapolated wind 
tunnel da t a  gave a lower value of peak overpressure than the  corresponding 
f l i g h t  da ta .  The most probable cause of t he  poor c o r r e l a t i o n  of wind 
tunnel  d a t a  with f l i g h t  d a t a  was found t o  be t h e  conica l  shape and sho r t  
l ength  of t h e  simulated plumes of re fe rence  4 ( the  pliime l engths  were 
1/2 of t h e  body length  of t h e  Saturn model). Hence, more p rec i se ly  con- 
toured plumas of nea r ly  parabol ic  shape with lengths  of a t  l e a s t  1-112 
model l engths  were designed for  wind tunnel t e s t i n g  a t  Mach numbers ranging 
from 3.01 t o  7.2g1. These plumes were t e s t ed  i n  conjunction with a .00053 
s c a l e  model of t he  Saturn V-Apollo launch vehic le .  The pressure  s ig-  
na tures  obtained from these t e s t s  a r e  presented herein.  Extrapolat ions 
of t he se  s igna tures  w i l l  be compared with groundtrack overpressure measure- 
ments f o r  t h e  Saturn V-Apollo 16 and Saturn V-Apollo 17 launch veh ic l e s  
and w i l l  be reported l a t e r .  
MODEL AND TEST PROCEDURE 
A .00053-scale model of t h e  Saturn V-Apollo launch veh ic l e  complete 
with escape tower and simulaied exhaust plume was tested in t h e  caper- 
A 
The phmc contours were ca lcu la ted  by M r .  Jess H. Jones of t h e  
George C. Marshall Space F l igh t  Center. 
sonic  and hypersonic wind tunnels  of t he  J e t  Propulsion Laboratory (JPL) . 
The Mach numbers f o r  which da ta  were obtained and the  corresponding 
wind-tunnel t o t a l  pressures  a r e  given i n  the  t a b l e  below: 
A drawing of the  model without plume is  shown i n  f i g u r e  1. A 
t a b l e  containing t h e  coordinates  of t h e  simulated plumes f o r  each t e s t  
Mach number is shown i n  f i gu re  2. A t  Mach 4.01 plumes of 1-112 body 
lengths  ( I  = .083 m) and 2-112 body lengths  ( I  = .I38 m) were te~dted 
P P 
t o  determine the  e f f e c t  of plume length  on the  wind tunnel  p ressure  s ig-  
nature.  A photograph of t h e  long Mach 4.01 plume a t tached  t o  t he  model 
i s  shown i n  f i g u r e  3. A photograph showing t h e  same model con£ igura t ion  
i n s t a l l e d  i n  t he  JPL 20-inch supersonic wind tunnel  is shown i n  f i g u r e  4. 
PRESENTATION OF DATA AND DISCUSSION 
Schl ieren photographs of t h e  Saturn V-Apollo model taken during 
t e s t i n g  a r e  shown i n  f i g u r e  5. No photograph is  shown f o r  Mach 6.05 
because of f i lm  damage incurred during development. 
Wind tunnel  pressure s igna tures  obtained during t e s t i n g  a r e  presented 
i n  f i g u r e  6. It was no t  poss ib le  t o  record t he  f u l l  s i gna tu re  a t  Mach 
numbers of 5.02, 6.05 and 7.29 because t h e  length  of t h e  s igna ture  ex- 
ceeded the  a x i a l  t r a v e l  of t he  Linear ac tua to r  used t o  pos i t i on  t h e  model 
along t h e  l ong i tud ina l  a x i s  of t h e  test sec t ion .  However, only t h e  
poc i t i ve  por t ion  of t h e  wind tunne l  s igna ture  i s  required s ince  t h e  para- 
meter of primary i n t e r e s t  in t h i s  study i s  the  peak groundtrack over- 
pressure,  which can be  ca lcu la ted  from t h e  overpressures  and pos i t i ve  
a r ea  of t he  measured s igna tures .  A l l  pressure  s igna tu re s  were meaaured 
a t  zero angle  of a t t a c k  a t  a d i s t ance  of 3.56 body lengths  (based on t h e  
model without plume, eee f i g u r e  1)  from t h e  model axis except f o r  an 
add i t i ona l  s igna ture  measured a t  2.56 body lengths  from the  model a t  
Mach 4.01 ( f i gu re  6(e) ) .  The purpose o f  o b t ~ i n i n g  t h e  s igna ture  a t  t he  
smaller d i s t ance  w i l l  be discussed l a t e r  IP t h i s  sec t ion .  
Two simulated plumes with lengths  of 1-112 body lengths  and 2-112 
body lengths  were t e s t ed  a t  Mach 4.01. The purpose i n  t e s t i n g  d i f f e r e n t  
plumes was t o  e s t a b l i s h  t h e  e f f e c t  of plume length  on t h e  pos i t i vb  por t ion  
of t h e  wind tunnel signature.  The simulated plume need only be long enough 
t o  give an accura te  d e f i n i t i o n  of t he  p o s i t i v e  por t ion  of t he  wind tunnel 
pressure s igna ture  f o r  r e l i a b l e  p red i c t i on  of t he  peak ground overpressure.  
The wind tunnel pressure s igna tu re s  generated by the  mclel  wi th  t h e  two 
d i f f e r e n t  plumes a r e  shown in f i g u r e s  6(d) and 6 ( f )  . The s igna tures  
have been r ep lo t t ed  i n  f i g u r e  7 t o  give a c l e a r  p i c t u r e  of t h e  e f f e c t  
of plume length.  Note t h a t  t h e  p o s i t i v e  a rea  of t h e  s igna tu re  generated 
by the  model with t he  sho r t  ?lume i s  only s l i g h t l y  less than t h e  cor- 
responding a r ea  f o t  t h e  model wi th  t h e  long plume; t he  predominant e f f e c t  
being a decrease i n  t o t a l  s i gna tu re  length  with decreasing plume length.  
Hence, a plume 1-112 body lengchs long appears t o  be s u f f i c i e n t  f a r  
p red ic t ion  of t he  peak ground o v e r p r a s u r e  i f  t h e  pluae contour i s  
approaching t h e  asymptotic diameter a t  t h e  po in t  of t runca t ion .  This  
condi t ion was met f o r  a l l  plume8 t e s t e d  except t h e  plume f o r  Mach 3.01. 
The t h e o r e t i c a l  plume contour fo r  Mach 3.01 showed a "bel l"  shape ( see  
f i g u r e  5 (a ) )  and hence terminat ion of t h e  p l m e  a t  1-112 model lengtha 
would be e ~ p e c t e d  t o  produce a tunnel s igna ture  with p o s i t i v e  a r ea  too  
small t o  accura te ly  p red i c t  t he  ground overpressure.  No attempt waa 
made t o  cons t ruc t  a longer plume f o r  Mach 3.01 hecause t h e  t h e o r e t i c a l  
coordinates  were quest ionable  at t h i s  Mach number and because t he  r ap id ly  
increas ing  plume diametg would have exceeded tunnel blockage requirements 
wi th in  2 body lengths .  
During t h i s  i nves t i ga t ion  bow shock s t r eng ths  ( ( ~ p l p ) ~ ~ )  g rea t e r  
than .5 were measured a t  a l l  Mach numbers g rea t e r  than 3.51. Therefore,  
t h e  weak shock ex t rapola t ion  procedure of re fe rence  1 cannot be used t o  
ex t rapola te  t h e  tunnel  s igna tures  t o  f u l l  s c a l e  d i s t ances ,  It is recom- 
mended t h a t  t he  wind tunnel  s igna tures  exh ib i t i ng  overpressures  (Aplp) 
g rea t e r  than . 5  be extrapolated by t h e  s t rong  shock method of re fe rence  4 
t o  a d i s t ance  where (Ap/p)- ) is l e s s  thqn .5 (ex t rapola t ion  t o  a dis -  
tance of 6 body lengths  shoufd be s u f f i c i e n t  f o r  t he  s igna tu re s  of 
f i g u r e  6) .  The r e s u l t i n g  s igna tures  can then be ex t rapola ted  from t h e  
intermediate  d i s t ance  of 6 body l eng ths  t o  t h e  f a r  f i e l d  by t h e  weak 
shock method of re fe rence  1. A b r i e f  study was included i n  t h i s  invest iga-  
t i o n  a t  Mach 4.01 t o  explore t h e  e r r o r  involved i n  ex t rapola t ing  
pressure s igna tures  with overpressure (Aplp) g rea t e r  than .5  by t h e  
weak shock method. The pressure s igna tu re  measured a t  2.56 body lengths  
from t h e  model ( f i gu re  6 (e)) was extrapolated t o  a d i s t ance  of 3.56 body 
lengths  by both t he  s t rong shock and weak ehock methods f o r  comparison 
with t h e  s igna ture  measured a t  3 * body iengths  ( f i gu re  6 (d ) ) .  The 
comparison is shown i n  f i g u r e  8. This f i g u r e  i l l u s t r a t e s  t he  e r r o r  in- 
volved i n  ex t rapola t ing  pressure s igna tu re s  with l a r g e  overpressures  by 
t h e  weak shock method. Note t h a t  ex t rapola t ion  by the  weak shock method 
produces a s igna ture  with lower peak overpressure and l e s s  p o s i t i v e  a rea  
than exhibi ted by e i t h e r  t h e  measured s igna ture  or  t he  s t rong  shock 
ex t rapola t ion .  The e r r o r  incurred by ex t rapola t ing  s igna tures  wi th  
s t rong  shocks by weak shock procedures increases  with increas ing  over- 
pressure,  so  t h a t  t h e  e r r o r  involved i n  ex t rapola t ing  t h e  s igna ture  measured 
a t  Mach 7.29 by t h e  weak shock method would bc appreciable .  The small  
d i f f e r ence  between t h e  measured s igna tu re  and the  s t rong shock ex t rapola t ion  
should be inves t iga ted  i n  an e f f o r t  t o  improve t h e  technique f o r  ex t rapola t ing  
s igna tures  with s t rong  shock waves. 
Future t e s t s . a r e  planned during which pressure s igna tures  generated 
by a wind tunnel model with high pressare  n i t rogen  plumes w i l l  be measured. 
These pressure s igna tures  w i l l  be compared with s igna tures  obtained from 
a model with s o l i d  body s imulat ions of t he  n i t rogen  plumes t o  gain a 
b e t t e r  understanding of the  problems involved i n  exhaust plume simulation. 
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Figure 1. - Drawing of 0.00053 scale Saturn-Apollo tes t  model. 
Note: Coordinate values are i n  
centimeters 








( a )  M = 3.01, h/2 = 3.56, Zp = 0.083 m 
Figure 6. - Wind tunnel pressure sigiatures for Saturn V-Apollo model with 
simulated exhaust plume; 2 = 0.0508 m, a = 0 deg. 
(b) M = 3.27, h/Z = 3.56¶ Zp = 0.083 m 
Figure 6. - Continued. 
(c )  M = 3.51, h/2 = 3.56, Zp = 0.083 m 
Figure 6. - Continued. 
(d)  M = 4.01, h/2 = 3.56, 2p = 0.083 m 
Figure 6. - Continued. 
(e)  M = 4.01, h/l = 2.56, Ip = 0.083 m 
Figure 6. - Continued. 
(f) M = 4.01, h/t = 3.56, 1p = 0.138 m 
Figure 6. -  Continued. 
Figure 6. - Continued. 
(h) M 3 4.56, h/t = 3.56, Zp = 0.083 m 
Figure 6. - Cdntinued . 
( i )  M = 4.81, h/Z = 3.56, Zp = 0.083 m 
Figure 6.- Continued. 
(j) M = 5.02, h/t = 4.32, Zp = 0.Wj m 
Figure 6. - Continued. 
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(k) M = 6.05, h/l = 4.32, Zp = 0.083 m 
Figure 6. - Continued. 

Figure 7.- Effect of s-ted plume length on the wind tunnel pressure 
s i w t u r e  of the Saturn V-Apollo model; M = 4.01, h/l = 3.56, 
a = 0 deg. 
0 Measured h/2 = 3.56 
Extrapolated from h/2 = 2.56, strong shock 
--- Extrapolated from h/l = 2.56, weak shock 
Figure 8. - Comparison of measured and extrapolated pressure signatures 
for the Saturn V-Apollo model with simulated exhaust plume; M = 4.01, 
a = 0 deg. 
Q GPO 79l.166 
